Fetal nicotine exposure from smoking during pregnancy causes long-lasting cognitive impairments in offspring, yet little is known about the mechanisms that underlie this effect. Here we demonstrate that early postnatal exposure of mouse pups to nicotine via maternal milk impairs long-term, but not short-term, hippocampus-dependent memory during adolescence. At the Schaffer collateral (SC) pathway, the most widely studied synapses for a cellular correlate of hippocampus-dependent memory, the induction of N-methyl-D-aspartate receptor-dependent transient long-term potentiation (LTP) and protein synthesis-dependent long-lasting LTP are not diminished by nicotine exposure, but rather unexpectedly the threshold for LTP induction becomes lower after nicotine treatment. Using voltage sensitive dye to visualize hippocampal activity, we found that early postnatal nicotine exposure also results in enhanced CA1 depolarization and hyperpolarization after SC stimulation. Furthermore, we show that postnatal nicotine exposure induces pervasive changes to the nicotinic modulation of CA1 activity: activation of nicotinic receptors no longer increases CA1 network depolarization, acute nicotine inhibits rather than facilitates the induction of LTP at the SC pathway by recruiting an additional nicotinic receptor subtype, and acute nicotine no longer blocks LTP induction at the temporoammonic pathway. These findings reflect the pervasive impact of nicotine exposure during hippocampal development, and demonstrate an association of hippocampal memory impairments with altered nicotinic cholinergic modulation of LTP, but not impaired LTP. The implication of our results is that nicotinic cholinergic-dependent plasticity is required for long-term memory formation and that postnatal nicotine exposure disrupts this form of plasticity.
Introduction
Smoking during pregnancy can have severe impacts on the mental and physical health of offspring, including long-lasting impairments in IQ and memory (Batstra, Hadders-Algra, & Neeleman, 2003; Bruin, Gerstein, & Holloway, 2010; Fried, Watkinson, & Gray, 2003) . Still, as of 2010 an estimated 12.3% of expectant mothers in the United States continued to smoke during pregnancy (Tong et al., 2013) . Cigarette smoke has been shown to contain more than 4000 chemicals, but among these nicotine is thought to be the primary neuroteratogen (Pauly & Slotkin, 2008) . Indeed, several studies using rodent models of perinatal nicotine treatment have demonstrated that exposure to the drug during early development causes long-lasting deficits in learning and memory (Ankarberg, Fredriksson, & Eriksson, 2001; Eppolito & Smith, 2006; Sorenson, Raskin, & Suh, 1991; Vaglenova, Birru, Pandiella, & Breese, 2004; Yanai, Pick, Rogel-Fuchs, & Zahalka, 1992; Portugal, Wilkinson, Turner, Blendy, & Gould, 2012) . However, the outstanding question in the field remains which cellular and molecular changes induced by nicotine underlie this cognitive impairment.
Nicotine activates nicotinic acetylcholine receptors (nAChRs), which are pentameric associations of a2-a10 and b2-b4 subunits.
nAChRs are found in abundance throughout the brain, including in the hippocampus, an area critical for certain forms of learning and memory. In humans, significant hippocampal development occurs during the third trimester of pregnancy, whereas roughly equivalent development in rodents happens during the first two postnatal weeks (de Graaf-Peters & Hadders-Algra, 2006; Seress, 2007;  
